The acoustic emission (AE) 
INTRODUCTION
Stress wave techniques, such as acoustic emission (AE) and ultrasonic pulse velocity (UPV) have been used for many decades to study the fracturing behavior of cementitious materials. AE uses the transient waves that are emitted by the initiation and propagation of cracks when the material is under stress. These transient waves (AE signals) are detected by AE sensors attached to the surface of the material. The source of the transient signals is an AE "event" that is related to the fracture process (for example, one crack nucleation or propagation incidence). One event leads to a stress wave propagating in all directions, which is recorded almost simultaneously by different sensors. Analysis of the wave characteristics and the origin can provide useful information about the internal condition of the structure. The advantage of AE is the recording of the damage process during the entire load history, which enables determination of the onset of fracture and tracking of all subsequent failure stages. In several studies, AE parameters have been correlated with the failure modes, such as the drying shrinkage cracking of fresh concrete, 1 the damage evolution under bending test, [2] [3] [4] [5] pullout, 6 and splitting tests. 7 Specific AE indexes have been used to identify the moment of critical failures 8, 9 much earlier than visual observation or drop of mechanical load readings. Therefore, AE is employed in the monitoring of full-scale structures like bridges, 10 railway concrete piles, 11, 12 dams, 13 and land slide monitoring. 14 Another technique that has been used for concrete nondestructive testing for many decades is UPV. Pulse velocity has been correlated with strength 15, 16 and damage 17, 18 of concrete materials, offering rough but valuable estimations because the damage condition influences the mechanical properties and, hence, the wave speed. Employing a number of sensors, the velocity structure of the material can be constructed and the internal condition can be visualized, highlighting the existence of voids or cracks. [19] [20] [21] In the present case, the aforementioned techniques are both used to study the fracture behavior of concrete specimens. Two different types of specimens were tested; namely, plain concrete and two-layered (concrete on top and vinyl fiberreinforced mortar at the bottom) to investigate the differences in structural behavior. It is mentioned that the selection of the materials was motivated by a tunnel repair project where the deteriorated surface layer was removed and replaced by a shotcreted vinyl fiber mortar that was placed along with a metal lattice. Both techniques can be used for any other type of specimen.
RESEARCH SIGNIFICANCE
Deterioration of old concrete structures is a worldwide concern. The evaluation of the structural condition by means of nondestructive testing (NDT) techniques should be improved in terms of accuracy and reliability. The application of two complementary techniques (AE and UPV) can validate the results individually obtained. In laboratory conditions, visual observation can confirm the findings (for example, location of the actual cracks on the specimen compared to the AE sources). In large structures, however, visual observation is not always possible, and, therefore, development of reliable NDT techniques is highly desirable. Simultaneous use of different techniques aided by visual inspection is a step toward reliable examination of large structures.
EXPERIMENTAL PROCEDURE-MATERIALS
The mechanical loading was conducted by means of a four-point bending configuration. A typical specimen is depicted in Fig. 1 . The dimensions were 150 x 150 x 530 mm (5.9 x 5.9 x 20.9 in.). Two reinforcing bars D13 (diameter of 13 mm [0.51 in.]) were installed 30 mm (1.18 in.) from the bottom. For one type of specimen, plain concrete was used with a maximum aggregate size of 25 mm (0.98 in.). The water-cement ratio (w/c) was 0.5 by mass and the aggregateto-cement ratio was 3.6. As for the composite specimens, the top layer was plain concrete and the bottom layer (half of the thickness) was vinyl fiber-reinforced mortar. The fibers were 12 mm (0.47 in.) long and 0.5 mm (0.02 in.) thick and were used in a volume percentage of 0.5%. Seven days after the concrete layer was cast, the fiber mortar was cast on top. The reason for this waiting period was that in the actual application, the fiber mortar would be shot on top of fully hardened Title no. 106-M56
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by Dimitrios G. Aggelis, Tomoki Shiotani, Shouhei Momoki, and Akinobu Hirama concrete and, therefore, no strong chemical bond between the layers was expected. It is mentioned that during the bending experiment, the fiber mortar layer, which included the reinforcing bars, was at the bottom, tensile side. Two specimens of each type were tested in bending.
AE AND PULSE VELOCITY MEASUREMENTS
Twelve 60 kHz resonant AE sensors were attached on the surfaces of the specimens (refer to Fig. 1 ). When the sensors are hit by a wave (due to cracking or another reason), the pressure on their surface is converted to electric voltage due to the piezoelectric effect. If this voltage was beyond the threshold (40 dB in our case), the signal was preamplified by another 40 dB digitized and stored in a 16 channel system with a sampling rate of 1 MHz. The software, in cooperation with the acquisition board, enables the calculation of major parameters of the signal like its amplitude, duration, and frequency in real time. These parameters are automatically extracted and stored for each of the thousands of individual signals recorded during the experiment. Apart from the postanalysis of parameters and waveforms, the software provided a real-time event source location during the experiment for the events recorded by at least six sensors. The range of frequencies of typical hits in this experiment lies between 20 and 100 kHz.
To conduct velocity measurements, the load was held at certain successive levels. During the pause, pencil lead break excitation was conducted near each sensor and the transient responses of the rest of the sensors were measured. The introduced band of frequencies is up to 200 kHz and, thus, the sensors of 60 kHz resonance are certainly within the range. The typical wavelengths collected by the sensors after excitation by the pencil are approximately 45 to 70 mm (1.77 to 2.76 in.). The transit time and pulse velocity could be calculated for all the combinations of wave paths among the different sensors. This information was entered into a suitable tomography program, 19 leading to the threedimensional velocity structure of the specimen at each different loading stage. The software used herein has been applied in several cases in recent literature 13, [19] [20] [21] and the interested reader is directed for more details elsewhere. 19 The following major points can be mentioned briefly: the structure or specimen under examination is divided into cubic cells. When the ultrasonic measurements are completed, a large number of paths inside the structure have been examined (all possible combinations of paths between the transducers). For each cell, there are a number of wave paths passing through it, depending on the cell position and the position of the sensors. The average of the pulse velocities of these paths (which is directly measured at the UPV experiment) is assigned to the specific cell. In case a defect exists inside a specific cell, it is reasonable that the wave paths passing through this cell will exhibit lower pulse velocities than others. Thus, from the first step of the procedure there are some discrepancies according to the actual damage pattern. To improve accuracy, iterative procedures are implemented to compensate for the fact that in the presence of damage, the wave does not always propagate in a straight line.
RESULTS
The main purpose of this study is the application of two NDT techniques for damage characterization. Before the presentation of the main results, however, it is worth showing the mechanical behavior of the specimens. In Fig. 2 , one can see the load versus the midspan vertical displacement curves for the different types of specimens. A certain amount of extra strength is supplied by the fibers, because the maximum load increased by 19% compared to plain concrete (129.8 kN and 109.1 kN, respectively). The total absorbed energy, however, was only slightly increased, as can be seen by the area under the curve. fiber pull-out and breakage, or macro-cracks in the matrix. Therefore, the characterization of the AE signals in concrete structures is not always straightforward. 3, 6 A lot of information can be exploited, however, by the use of specific indexes concerning the severity of the situation.
Total AE activity
In Fig. 3(a) , one can see the time history of the applied load along with the acoustic emission events for plain concrete. The step loading was applied to enable pulse velocity measurement at different load levels, which will be described later. The number of AE events started to increase rapidly during the third load stage (or approximately 35% of the ultimate load, at approximately 600 seconds), meaning at that time intensive cracking phenomena occurred. It must be noted that as the maximum load is approached, the specimen progressively becomes severely cracked and, therefore, acquisition of signals is hindered by the discontinuities. Thus, the total number of events is expected to be higher than recorded.
In Fig. 3(b) , one can see the time history for the composite specimen. The major event outburst comes at the fourth stage (or approximately 50% of the ultimate load, after 700 seconds). This delay is attributed to the fiber action that restrained the early cracking of the material. Additionally, the total number of events was substantially lower in this case (1777 compared to the 5540 events of the plain concrete).
Ib-value
It is reasonable that as the load increases, larger-scale fracture events occur. These give rise to AE events of larger amplitude. At the same time, however, the accumulated damage increases the attenuation of the material, making the study of the amplitude solely misleading. Therefore, the amplitudes are studied by their cumulative distribution, using the improved Ib-value analysis. 8 This index (Ib-value) takes into account the number of recent events and their amplitude range. It expresses the slope of the cumulative amplitude distribution as illustrated in Fig. 4(a) . (1) where N(μ -σ) is the number of hits with an amplitude higher than μ -σ, and N(μ + σ) is the number of hits with an amplitude higher than μ + σ. According to the cumulative amplitude distribution, the index (Ib-value) changes, following the fracture progress. It has been confirmed that as the fracture phenomena become more intense, the percentage of strong events increases relative to the weak ones in the total population. Therefore, the absolute gradient of this distribution (or Ib-value) exhibits abrupt drops 5, 8, 12 ( Fig. 4(a) ). The Ib-values calculated during the whole process for the two types of experiments are depicted in Fig. 3(c) and (d) . The first values of Fig. 3(c) correspond to the first hits recorded (before 400 seconds). After a sufficient population of hits (hits due to the bending process) is built, it is reasonable that the Ib-values exhibit their maximum throughout the whole process at that point because the damage is still minor. In Fig. 3(c) , at the early part of the history, the curve ranges from 0.06 to 0.12, while at the end of the second loading stage (approximately 400 seconds), the Ib-value has dropped to 0.05 (refer to the arrow). At the start of the third step (approximately 600 seconds), new hits emerge and result in oscillations of the Ib-value. It is noteworthy that during the load increasing steps, there are many oscillations, but the range and average value decreases from step to step. Specifically for the second step, as mentioned previously, the oscillations range between 0.06 and 0.12, while for the last step before failure, the oscillations are between 0.03 and 0.06. Although the Ib-value is sensitive to damage, it does not necessarily decrease monotonically. The reason is that as the cracks propagate they encounter healthy material. When this healthy material starts to rupture, it gives
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Fig. 3-Step load and event time history for: (a) normal concrete; and (b) two-layer fiber concrete. Step load and Ib-value for: (c) normal concrete; and (d) two-layer fiber concrete.
signals corresponding to early damage, which are mixed with the signals of the already heavily damaged part. The most important parameters that should be read by the Ib-value graph are the general trend of the curve and the minima obtained through the process. For the composite fiber specimen, the first noticeable decrease of the Ib-value occurred after 50% of the maximum load (at approximately 800 seconds [refer to the arrow in Fig. 3(d)] ). This is another confirmation that the fibers constrained the early fracturing phenomena for the composite. Among the drops that indicate fracture incidents, values less than 0.05 are correlated with a high degree of damage in the aforementioned literature. This value is reached very quickly for the plain mortar (just after the second loading stage [refer to the arrow in Fig. 3(c)]) . On the contrary, this level is reached at the fourth stage for fiber mortar (Fig. 3(d) ), while at earlier stages, the number of events is not sufficient for the Ib-value calculation. Concerning the number of events included in the calculation, if the number is less than 50, then the oscillations are too strong, masking the general trend. On the other hand, if the number is too large, any small incidence producing just a small number of events would be undermined in the average of the large population. Thus, it is advised in literature to use either 50 or 100 hits. 8 In this case, a number of 100 events was used.
Other AE characteristics
It is accepted that nucleation of shear cracks follows nucleation of tensile cracks during the fracture process. 14, 22 In any case, it can be confirmed that the final macroscopic fracture is formed by visible shear cracks that start near the support of the specimen on the bottom surface and develop at an angle of approximately 45 degrees to the top. For signals originating from shear events, the time delay between onset and the peak amplitude, called rise time (RT), is longer (refer to Fig. 4(b) ) 10, 14 whereas the amplitude may also be higher. In Fig. 5(a) , the average RT of the waveforms for different stages is presented. Concerning the normal specimen, RT increases continuously until fracture. For the composite specimen, RT also increases but in much lower levels. Figure 5(b) shows the average grade of the waveforms, which is simply the waveform amplitude divided by RT 14 expressed in dB/μσ. It is obvious that the grade is lower for plain concrete. According to literature, 8, 14 this again shows that shear effects are stronger and progressively dominate the fracture behavior in the plain concrete specimen. It is mentioned that the grade is first calculated for each single event and subsequently averaged for the total number of events of each loading stage to produce the curves of Fig. 5(b) .
AE location
Due to the configuration of the experiment, the tensile surface is at the bottom of the specimen. Therefore, it is reasonable that the crack initiation occurs close to the bottom surface. This is revealed by Fig. 5(c) , where the average height of the event initiations is depicted for different loads. At the lowest load level, the average location of the events is close to the bottom surface (40 mm [1.57 in.] for plain concrete and 27 mm [1.06 in.] for the composite). As the cracks propagate to the top, the AE sources naturally translate to higher locations, reaching 80 mm (3.15 in.) and 90 mm (3.54 in.) for the plain and the composite specimen, respectively.
Examples of the determined locations of the events for specific load stages are depicted in Fig. 6 for the two specimens. In the same figure, the observed cracks after final failure are also depicted. The events are represented by circles whose center is the determined location of the source and their area is proportional to their amplitude. Figure 6 (a) concerns the plain concrete specimen during loading from 57 to 80% of the ultimate load (the fourth stage of loading in Fig. 3(a) ). A great number of events are localized near the system of large diagonal cracks at the left. Also, the smaller crack at the right part is accompanied by numerous events, which are located to the right of the crack. It is mentioned that the development of cracks hinders the acquisition of all signals. Severe scattering imposes attenuation and delay to the acquisition of individual signals, and therefore for severely damaged material the accuracy of location is expected to decrease. 2 Concerning the two-layer composite specimen (Fig. 6(b) ) during loading from 89% to maximum load (sixth stage of Fig. 3(b) ), one can clearly see the accumulation of events near the edge of the diagonal crack developing from the left, as well as other events near the tip of a smaller crack propagating vertically towards the top surface, at the horizontal location of approximately 350 mm (13.78 in.).
It is worth mentioning that no delaminations occurred in the two-layer composite specimens. The final fracture pattern was similar to the one of plain concrete (development of diagonal cracks from the bottom to the top surface). This shows that although the second layer was cast several days later on top of the first, the bond between them was still adequate.
TOMOGRAPHY RESULTS
In concrete literature, it is well known that low pulse velocity is indicative for the damage. [15] [16] [17] [18] The correlations are rough; however, velocities of approximately 4000 m/second (13,123 ft/second) or higher imply quite healthy material, while those lower than 3000 m/second (9843 ft/second) are indicative of a troublesome condition. Using the same sensors and positions that were used for the AE testing, the transit times of different paths were measured at different instances during the loading. The values were fed to suitable software 19 and the three-dimensional velocity structure of the specimen was constructed for different stages. Tomography results based on the pulse velocity are depicted in Fig. 7 for the two types of specimens and different loading stages. The top graphs correspond to the intact condition and the next two to the last two loading stages for the central cross section of the specimens.
At the intact condition, the velocity at any area of the materials is more than 4000 m/second (13,123 ft/second). During the initial load stages, velocity seems to decrease near the bottom surface because of crack initiation due to tensile load. At the final stage, the development of the large scale cracks influence the velocity more critically. Pulse velocity decreases to 3000 m/second (9843 ft/second) at the zone where the diagonal macroscopic cracks developed.
It is mentioned that due to the arrangement of the sensors, the tomography cell size is quite coarse (50 mm [2 in.] ). Additionally, using the velocity of intact material (approximately 4500 m/second [14,764 ft/second]), the major wavelength is on the order of 40 to 70 mm (1.57 to 2.75 in.). Considering also the cell size, it is realized that the accuracy is compromised. Areas of the specimens containing dense cracks, however, are identified correctly (see the left part of both tomograms at the bottom of Fig. 7) , while the changes due to increasing deterioration at each stage are evident. The accuracy can be enhanced by increasing the number of sensors and the frequency of the test.
CONCLUSIONS
In the present paper, AE and ultrasonic techniques (UT) are used to follow the fracture behavior of different types of cementitious specimens. It is seen that the combination of fiber mortar and concrete in a two-layer specimen exhibits higher strength than a plain concrete specimen of the same cross section. Study of the AE characteristics showed that as the load increases, shear effects dominate the fracture behavior. In any case, the ultimate failure was accompanied by macroscopic shear diagonal cracks. The basic conclusions are summarized in the following:
1. Vinyl fibers seem to delay the onset of macroscopic fracturing, as revealed by the AE behavior, offering extra strength to the material.
2. AE event locations and low UPV areas coincide to a great extent with the visually-observed cracks. This shows the reliability of the techniques, which can be used in large structures where visual observation is not always possible. 3. AE and UPV work complementary to each other: small cracks that cannot influence pulse velocity can be identified by AE as they propagate. On the other hand, inactive cracks that show no AE activity influence UPV and can be detected.
4. Simultaneous application of stress wave techniques (AE and UT) shows the ability to identify the time and location of cracking and offer a general assessment for the deterioration condition of the material.
